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Heat t ransfer  within and between spacecraft components and s t ructures  
presents a problem because the nature, magnitude, and direct ion of such 
t ransfer  is d i f f i c u l t  t o  predict  accurately. Electronic components are 
di rec t ly  mounted to liquid cooled panels i n  the Saturn V vehicle to pro- 
vide for  the disposal of generated heat. Similarly, the c a p l e t e  space 
vehicle with its enviromnental control sub-systems must be designed for 
adequate transfer of heat or for adequate rheriual iS018t%Ori.  
thsnnal control design requires information on the conductance of j o in t s ,  
the thennal conductance between metallic surfaces, with and without 
i n t e r s t i t i a l  fillers, has become an important problem. 
Because 
The prediction of thermal conductivity and heat flows i n  so l ids  has 
been suf f ic ien t ly  established; in contrast ,  however, very l i t t l e  is known 
about the prediction of thermal conductance between contacting sol ids .  A 
large number of investigations have been carried out i n  the f i e l d  of 
thermal contact conductance, as evidenced by the bibliographfes of Atkins 
(Z)*, Gex (22), and Vidoni (35). In addition, critical revfews of the  
s t a tus  of experimental and analyt ical  developments i n  the area of heat 
transfer across interfaces of so l ids  i n  contact have been presented by 
M a c k  ( 2 4 )  and Minges (29). 
comparative s tudies  indicate several d i f fe ren t  theories for predictfng 
The r e su l t s  of these investigations and 
*Numbers i n  parentheses designate references. 
1 
~ p e c i ~ i ~  results of erimental iRve~t iga t ions  of 
ance of megal e contacts with ~ t e r s t i t i a ~  fillers are rather  
The majority of the i n v e s t i ~ a t ~ o ~ ~  on t h l s  eubjact have emphasized the 
improvement of the  contact conductance by the u m  of high conductivity 
metal f o i l s  and greases. 
t ion  for  contact hear t ransfer  calculations with insulating i n t e r s t i t i a l  
filler materials suggests that additional studies are needed. 
The l b i t e d  ava i l ab i l i t y  of design infanma- 
The pre- 
sent  experimental investigation w i l l  provide these conductance data i n  
a vacuum environment for  a number of low thermal conductance in t e r s t i -  
t i a l  f i l l e r  materials over a wide range of junction temperatures and 
loads, 
The modes of heat t ransfer  at  the contacring in te r face  are con- 
sidered t o  be: 1) sol id  conduction through the t rue  contact area; 
2) gaseous, molecular, or  other conduction through the intersti t ial  
f l u i d  or f i l l e r ;  and 3) thermal radiation. 
The thermal contact conductance $8 defined as 
where T1 and T2 are the temperatures of the bounding surfaces of the 
contact gap, and S/A is the heat flux per unit area. 
Thus, contact resistance would be defined as 
1 " T2 HC" = 
<EIA C 
2 
contacts with i a t e r s t i t~ l  f i  
viewed, 
the ef fec t  of %ntarstit 1 fillers (9, 12, 17, 19, 21, 25, 281, however, 
Several of the investigators have presented thoug 
t h e i r  ideas are generally applicable only t o  specif ic  conditions. 
presented Over a wide range of contact pressures, surface rougbesse8, 
m e t a l l i c  specimens, i n t e r s t i t d a l  f i l l e r s ,  and environmental conditions. 
The i n t e r s t i t i a l  media used i n  these investigations may be divided in to  
three di f fe ren t  categories: sol id ,  Uquid, and gas, Environment 
pressures ranged from atmospheric to  IOo6 Torr. A representative sample 
of metallic specimens and so l id  or  grease i n t e r s t i t i a l  f i l l e r s  used i n  
these investigations is l i s t e d  i n  Table I, 
Data are 
Centinkale and Fishendon (9) developed an expression f o r  predicting 
the contact conductance, with i n t e r s t i t i a l  f i l l e r s ,  fo r  an environmental 
pressure of one atmosphere. 
surfaces with contact pressures from 19-800 p8i. Use of other surface 
f inishes  would require re-evaluation of the constants i n  the equation. 
Laming (28) proposed a semi-empirical approach based on "Simple 
This expression was su i tab le  only fo r  ground 
Conductance Theory" where the t o t a l  conductance is made up of the solid 
and f lu id  conductauce. 
ing the thexrnal contact conductance in & vacuum environment, and compsred 
w e l l  with the  data presented. 
The expression developed was su i tab le  f o r  predict- 
Coatact pressures ranged from 20-700 p s i  
for t h i s  investigation. 
Only a very limited amount of data for the contact conductance of 
atetalrie j o i n t s  with interstitial f i l l e r s  Ss tabulated for ready use, and 
3 
~ e t a ~ l i c  S ~ e c ~ ~ e n   inters^ 
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t ion on the  use of low c 
ance as a function of some high conductance i n t e r s t i t i a l  materials and 
apparent load pressures for Aluminum epecimens. 
~ E S T I ~ T I O ~  OBJECTIVPI 
The printary objective of th i s  investigation is t o  provide infomation 
to be used in predicting the thermal contact: resjtstance for the case of 
thermal barriers (Insulators) inserted between plane pa ra l l e l  metal sur- 
faces. The iavestigation wil l  be composed of three d i s t i n c t  parts: 
Part X - Assembly and experimental ver i f ica t ion  of the UASA 
test apparatus 
Par t  E1 - Selection of promising i n t e r s t i t i a l  materials 
Part  Iff - Detailed study of selected materials 
The test apparatus to  be used i n  this  investigation was desfgned and 
constructed a t  the b e s  Research Center and is on loan for the  purposes 
of this investigation. 
After assembly of the test apparatus, the i n i t i a l  tests (Part X) were 
conducted with A m 0  Iron specimens in contact i n  a vacuum 
The purpose of these tests was t o  check the va l id i ty  of the measured data, 
the magnitude of the heat loss, and the deviation from one-dimensional heat 
flow. A l ~ i n ~  ecimens In direct contact were used next. The data 
 obtain^ from t h e  measurements with A l ~ n ~  contacts were compared tdth 
Aluminum Surfaces 
ilicone Grease 
3 
Apparent Interface Pressure, Psi 
Figure 1. The Variation of Thermal Contact Conductance with Apparent Interface 
Pressure for Selected Interstitial Materials, 
6 
that the overall experimental error in the values of contact resistance (or 
conductance) is less than 10 to I5 percent. 
7 
DESIGN OF TE1E 8ASA APPARATUS 
The analysis  and review of previous thermal contact conductance 
investigations indicates t ha t  i n  addition to experimental studies of 
i n t e r s t i t i a l  f i l l e r  materials, several areas warrant investigation. Of 
major importance would be f i r s t ,  an explanation of the d i rec t iona l i ty  of 
the contact conductance according to  the direct ion of heat flow across an 
interface between dissimilar metals, including supporting experimental re- 
su l t s .  Second, an analyt ical  explanation of the basic heat t ransfer  
mechanisms a t  an interface,  with substantiating experimental data. The 
experimental apparatus required to  investigate thermal contact conduct- 
ance should be f lex ib le  enough t o  subject the test samples to  various 
environmental and physical conditions, and sophisticated enough t o  insure 
the accurate measurement of these conditions, An apparatus was designed 
to include as many of these criteria a s  possible. The general specifica- 
t ions for  the experimental apparatus were based on the experience and re- 
cammendations of Blwn (7), Clausing and Chao (lo), Fried (18, 19, ZO), 
Stubstad ( 3 4 ) ,  and others. 
A vacuum chamber was incorporated i n t o  the experimental apparatus fo r  
three primary reasons. F i r s t ,  the i n t e r s t i t i a l  f luid present i n  an inter-  
face transfers heat across the junction by conduction. 
desirable to  perform tests with and without an i n t e r s t i t i a l  f l u id  t o  de- 
Thus, it was 
termine its r e l a t i v e  e f fec t  on interface conductance. Second, eontact 
conductance is of v i t a l  concern to the space industry because it has a 
8 
the @Ò ti on. Therefore, it was desired t o  study the re 
various f i l l e r  materials i n  the absence of an interstitial f lu id  and to 
ascerwin the e f f ec t  that a vacuum environment had on the various substances 
Used 
Shlykov and Ganin (33) and Stubstad (34) have shown tha t  the con- 
vection or conductivity e f f ec t  of gas beghs  t o  decrease a t  approximately 
70 Tarr and measurably disappears a t  10-’ Torr. Other investigators have 
s ta ted  that a vacuum in the range of loo4 Torr is suf f ic ien t  to  negate the 
e f fec t  of i n t e r s t i t i a l  f luids .  
any vacuum f a c i l i t y  (15, 2?), a system capable o€ operating i n  the range 
of lom5 Torr ox lower was deemed desirable. 
Since a small pressure gradient exists in  
DesAgn of the t e s t  specimens was a major consideration for several 
reasons. F i r s t ,  S ts  size and shape dictated the design criteria fo r  most 
of the other test section components. 
evaluate the thermal contact conductance required uniform heat: f lux above 
and below the interface.  
of the spechen as slmple as possible t o  f a c i l i t a t e  fabricating the 
relat ively l aqe  number required. 
Second, the technique used t o  
Finally, it was desirable t o  keep the geometry 
A basic cyl iedr ical  configuration was specified and las ta l led  as 
a ve r t i ca l  column under axial load with the contacting surfaces located 
at: the mid-point: of the columu. A uniform heat f lux 8bOVe and below the 
terface wa8 achieved by mfnhizing the surface heat losses froat the 
9 
he ure t o  
pacecraft ~ ~ p o n ~ t s  and s t r u c t u ~ e s  axe fabricat  
ch as a l ~ i n ~ ,  magnesium, and b e r y l ~ i ~ ,  A l ~ i n ~  
2024-T4* was selected as a su i tab le  test c b e n  material, since publish 
data  for bare metal junct iom were avai lable  for camparison (10, 19, 38). 
Likewise, i n  keeping with other investigators (20, 28, 31), test samples 
one inch i n  diameter were specified. 
It is w e l l  known t ha t  the t h e m 1  resistance of  a metal-to-metal 
interface in a vacuum is a function of load preesure, junction temperature, 
material propertfes, and surface f inish,  Also, i n  some cases of diss imilar  
metals i n  contact tbere is an indication (4, 11, 30, 31) that the magnitude 
of the heat f lux  may have some influence on the thermal resistance. With 
an l n t e r s t l t i a l  f i l l e r  material a t  the junction, other variables should be 
considered. These are  the i n t e r s t i t i a l  material properties, d 
shape, porosity, etc, Depending on the type of i n t e r s t i t i a l  filler, it 
*The specimens used i n  this investigation were machined from 1 518 inch 
diameter aluminum rad. 
Alcoa, and Kaiser Aluminum Cmpanfes, it was found tha t  ATuutinMl 202444 rod 
is not manufactured larger than 7/16 inch d ime te r ,  and tha t  larger  diam@ter 
rod is often cal led T4 but is in ac tua l i ty  T35L According to  the Reynolds 
representative, the thermal propertie8 are considered t o  be the same for 
Aluminum 2024qT4 and 202402351. 
After consulting with representatives of Remolds, 
The ASTM Report on Physical Properties of Metals and Alloys (16) iadicates 
thermal conductivity data f o r  Alumllnum 2024 with various heat treatments, 
and a l l  dam are combined'to yield one c'rve for thermal conductivity as 
a functAon of temperature. The thermal conductfvity da ta  obtained i n  the 
present investigation compare favorably with r e s u l t s  presented in ASTH-296. 
Thus, the aluminum material used may be? considered 2024-T4. For purposes 
of comteaience, tt w i l l  be referred t o  as Aluminm 2024. 
ma); and l a the  cu t  (70 - 120 micro-inches, ms). H o w w ~ ~ ,  
of the NASA test apparatus, machine lapped surfaces were used. 
verificatim 
The f2nish of bare junction surfaces has a strong e f f ec t  011 the  
interface conductance (67 37, 38). 
rns roughness and the waviness or f la tness  deviation. 
rate and di8 t inc t  characteristics. 
a measure of the small surface perturbations which r e s u l t  from the act ion of 
the finishing process. On the  other hand, surface waviness 318 considered t o  
be the var ia t ions i n  the overall surface configuration that r e su l t  from such 
things as warping or periodic osci l la t ions i n  the f inishing process. 
specimen surface measurements fo r  this investigation were made usin8 a 
Bendix Micrometrical Proficorder and profilometer. 
the? results given by Proficorders and profifometers represent only one trace 
across the specimen and may or may not be representative of the complete 
test surface. 
The: surface f in i sh  is described by the 
These are two sepa- 
Surface roughness is considered t o  be 
The 
It should be noted tha t  
Rngers (31) and Clausing (11) reported a change in the interface 
conductance between dissfmilar metals with the direct ion of heat f lux  
across the junetfon. To make the test sect ion su i tab le  to  the investigation 
of t h i s  phenomenon, it was decided to make the source and the sink f l ex ib l e  
enough so t ha t  the s p e c i m k  could be interchanged. 
Possible aerospace 
temperature test range of 
applfcations of immediate in t e re s t  dictated a 
-UXJ°F t o  6OO0F, sed on this ~ ~ ~ i r ~ e n t ,  a 
11 
electric t ~ e ~ ~ e t r y  
r e l a t ive  f l e x i b i l i t y ,  ava i lab i l i ty ,  and econotnyl 
of tharmocouple fn the system was  considered desirable to  siinplify the  
The w e  of only one type 
instrumentation of the test section, and t o  simplify the installation of 
thermocouple vacuum feedthroughs. In view of the Characterist ics of the 
various types of thermocouples, copper-constantan was selected since it 5s 
easy to  fabricate and dependable over the range of temperatures from -3OOOF 
t o  7S0°F with an accuracy of 2 O.SOP when carefully caljlbrated. 
Based on the recommendations of Clausing and Chao (lo), number 30 
gage, high accuracy thermocouple wire was decided upon. A heavier gage 
wire would have been more durable, but the smaller gage w i r e  =Urd minimize 
the conduction of heat along the wire away from the specimen. Xn addition, 
smaller wires tend t o  exhibit adverse EMF characteristics due t o  the 
wire-drawing process. 
fn l i g h t  of the requiracments established by the heat murce location, 
the temperature criteria and the dim-ionrP of the specimens, a 300 watt 
Acrawatt s t r ap  type circumferential heater w a s  selected as the ~ource .  The 
heat source was insulated and surrounded by a guard heater t o  reduce radial 
heat lossas. The heat sink was constructed from a cyl indrical  copper block, 
d r i l l e d  and tapped t o  accept the threaded end of the metal t ea t  specimen. 
A copper cooling c o i l  was soldered to  the outside surface of the copper 
~ y l ~ ~ e r .  Several d i f fe ren t  coolant f l u ids ,  such as water, air ,  and 
12 
apparent mec 
~ l u e ~ c e  on the result 
1 apparatus had t o  inco 
load to  the test junction, and adequate instrumentation to maewe the 
load accurately. Xn typical  Saturn applications, contact pressures of 
approximately 1000 ps i  between dissjlmflar l i gh t  metal surfaces are expected 
(14). The resis tance t o  heat transfer created by a junction a t  t h i s  
pressure, is usually small enough to  be of l i t t l e  concern. In most appli- 
catloas where the affects  of contact conductance are considered, apparent 
pressures of 1000 p s i  are rare ly  exceeded. Thus, it was decided that the  
loading mechanism should be su i tab le  f o r  var ia t ion of the apparent interface 
pressure mer the range of approximately 0 t o  1000 psi .  
in terface formed by the spec&uens was 0.785 square inches. 
The area of the  
Hence, the 
loading mechanism should be capable of transmitting loads up to at least 
780 pound$. It was also decided tha t  the load mechanism should enable 
specimen contact t o  be made a f t e r  the vacuum chamber $8 evacuated in order 
t o  facilitate outgassing of the junction. 
For load application t o  the test specimens, a high pressure Nftrogea 
gas b e l l w s  chamber was selected 8s an in tegra l  pa r t  of the test apparatus. 
The Nitrogen bellows simplified specimen loading and permitted r e l a t ive ly  
accurate load wnitor ing.  
varying the nitrogen gas pressure in  the bellower-chamber. 
sense, load pressure is defined as the load force divided by the cros8- 
sect5onal area of the cyl indrical  A l ~ i n ~  test spec;imetzs. 
The ef fec t  of load pressure was determined by 
In the present 
The load force 
13 
were fabricated fr 
suited for use 2.n B vac e n v i r o ~ ~ t  e 
ing apparatus is presented fn Figure 2. Specific details of themocouple 
installation, specimen load colupm, assembly, and other appaLatuB specifi- 
cations are dfscussed in the followllng chapters. Drawitlgs of sueeted 
components are preheated Ln Appendlx A. 
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Figure 2 ,  Schematic Diagram of the NASA Experimental Apparatus. 
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The vacuum f a c i l i t y  and a s ~ o c i a t e ~  instrumentation were designed 
and constructed specif ical ly  €or the ;tnvestigation of thermal contact 
conductance. The f a c i l i t y  includes many f lex ib le  features  offering a 
wide var ia t ion of environmental and physical test couditions. A photo- 
graph of the f a c i l i t y  is shown in Figure 3. The fallowing sections w i l l  
be only a general description of the f a c i l i t y ;  a more detai led descrip- 
t ion  has been given by Abbott (1) e 
The vacuum system is composed of B vacuum chamber, an o i l  diffusion 
pump, a mechanical forepump, a chevron cooling baffle,  high vacuum valves, 
and the necessary vacuum measuring devices. The system was fabricated from 
commercially manufactured components combined with accearsories constructed 
locally.  A schematic of the system is i l l u s t r a t ed  in Figure 4, 
nitrogen was btroduced i n to  the vacuum chamber for  purposes of purging 
the air €ram the system, and f o r  providing an oxygen f r e e  amsphere .  
Dry 
The vacuum chamber was composed of a b e l l  jar and a base p l a t e  with a 
vacuum port  and ten vacuum feedthroughs. 
the in te res t  of ecot~nry a d  visibility. 
A pyrex bell jar was selected in 
The bell jar is 38 inches in dia- 
meter and 30 inches high. 
the influence of a vacum. To reduce the hazard associated with such an 
~ccurr~ce, a metal guard was fabricated &o cover t;he b e l l  jar, A small 
Occasionally, glass b e l l  jars w i l l  implode under 
16 
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(1) Bell Jar 
(2) Nitrogen Load Bellows Passthrough 
(3) Passthrough Bellows 
( 4 )  Entry Gland 
(5) High Vacuum Valve 
(6) Water Cooling Baffle 
(7) Oil Diffusion Pump 
(8)(12)(14) Vacuum Thermocouple Gage 
(9)( 13) Vacuum Valves 
(10) Ionization Gage 
(11) Nitrogen Bleed Port 
(15) Mechanical Pump 
t 
Figure 4 ,  Schematic of the Vacuum System. 
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t o  the base p l a t e  with a neoprene gasket. 
available commercially a l l  had the! vacuum port  located in the c 
This feature was  not compatible with the loading mechanism required. 
fore,  a base p l a t e  was designed t o  f i t  the  specifications of the test 
section, 
high carbon steel which was chrome plated, i n  order t o  eliminate oxidation 
and outgassing from the steel. All of the ten feedthroughs were made from 
s ta in less  steel. 
feedthroughs manufactured by Cooke Vacuum, fnc., were used. 
were used to  seal the passages f o r  the test section support rods. 
electrical heater input and the high pressure Nitrogen l i n e  t o  the load 
bellows were mounted i n  the remaining universal feedthroughs. 
The numerous types of bam2 plates 
There- 
(Note drawing i n  Appendix A). It was  manufactured local ly  from 
To provide as much f l e x i b i l i t y  as possible, f i v e  universal 
Three of these 
The 
One Vacumen Corporation thermpcouple f eedthrough with a capacity of 
24 Copper-Constantan thermocouples was used. 
was Eased t o  c i r cu la t e  cooling f lu id  in to  the vacuum chamber. 
steel bellows w a s  instal led to transmit the loading force in to  the system. 
Another feedthrough was used as a vacuum release valve by seating an o-rlng 
in  the outer end of it and sealing the end wfth a threaded cap. 
remaining feedthrough w a s  a blank that is to be replaced with a doublepass 
l iquid nitrogen feedthrough when needed. A l l  the feedthroughs were 8ealed 
t o  the base p l a t e  with B w - N  O-rings. 
A doublepass f lu id  feedthrough 
A s ta in less  
The 
O i l  vapor diffusion pumps have no moving parts but instead depend 
For a complete discussion upon the motion of the o i l  vapor for  pumping. 
of how a diffusion pump operates, the reader is directed to  Dushman (IS). 
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cone o i l s  are r e c o ~ e n ~ ~ d .  They have a vapor pressure i n  the e 
of lom7 Torr o r  lower and &re not subject t o  oxidation as are hydrocarbon 
o i l s .  
t:He vacuum system. 
A Dresser Vacuum Model DPD 4-1000 diffusion pump was  selected f o r  
The pump wad charged with Dow Corngng 704 diffusion 
pump o i l .  
A Cenco Byvac 45 mechanical pump was used as the roughing pump. It 
is a two-stage pump with a free air  capacity of 16 cfm with an adjustable 
gas-ballast. The capacity of the pump was  approximately twice tha t  
specified f o r  the diffusion pump under normal operating conditions. 
greater  capacity was necessary t o  overcome the re la t ive ly  high outgassing 
rate associated nf th  some of the materials, such as insulation, used i n  
the test section. 
The 
Cooling baff les  or t raps  may be placed at the i n l e t  t o  a diffusion 
pump to condense the o i l  vapor that  comes i n  contact with them. 
prevents the vapor from backstreaming in to  the vacuum chamber, which ful-  
fills two basic purposes. 
system by the pump of1 vapor. Second, condensing the oil vapor makes it 
possible to  reduce the pressure in the vacuum chamber faster and lower 
by eliminating the increase in  pressure tha t  would result from the oil 
vapor. 
common ones are liquid nitrogen traps and cooling-water baffles.  
l iquid nitrogen traps a re  very useful when ultra-high vacuums are required, 
but these traps are re la t ive ly  expensive and require the addition of 
special  controls to monitor the l iquid nitrogen. 
This 
F i r s t ,  it reduces the contamination of the 
Cooling traps are available in a variety of types. The two most 
The 
Cooling-water baf f les  
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Torr and are 
1 90011-4 wa 
s t a l i ed  in the vacuum sys&emb A schetriatic of the cooling water system 
is shown in @i&re 5.  
Three v&cuum valves were necessary i n  the vacuum system. Two Ceneo 
%del 94605-6 angle valves with 1 5/8 inches inside diameters were used, 
One was  placed between the mechanical pump and the vacum chamber and the 
other was located between the mechanical pump and o i l  diffusion pump as 
shown i n  Figure 4. 
by Cenco w a s  placed between the cooling baf f l e  and the vacuum chamber to  
make it possible t o  i so l a t e  the diffusion pump from the system. 
A Vacuum Research Company Model 4T4 gate  valve supplied 
An NRC Model 710B thermocouple-ionization gage control was incor- 
porated in to  the system, as shown i n  Figure 6. 
two thermocouple gages and an ionization gage. 
gage, sui table  fo r  measuring pressures over the range from 1 x 10 
5 x low3 Torr, was  attached t o  the vacuum chamber. 
thermocouple gages were a l so  included i n  the system. 
the ion gage t o  record pressures i n  the vacuum chamber. 
were mounted i n  the vacuum l i n e  between the diffusion pump and mechanical 
pump. 
This control ler  w i l l  monitor 
An NRC Model 507 ionization 
-7 t o  
Three NRC Model 501 
One was mounted beside 
The other two 
One of these was mounted on each s ide  of the valve separating the 
two pumps, as shown i n  Figure 4. 
The major vacuum components were formed into a system by connecting 
Some materials perform them together with accessories fabricated locally.  
be t t e r  in a vacuum environment than others. 
metals, s ta in less  steel has proven t o  be the best. 
are a lso  qui te  good. 
Of the re la t ive ly  common 
Aluminum and brass 
Certain other materials such as l a t a  rubber and 
21 
-- 
(1) Water Valve (7 )  Vacuum Chamber 
(2) Water Filter (8) Vacuum Valve 
(3) Water Pressure-Power Interlock (9) Chevron Baffle 
(6) Heat Sink (11) Diffusion Pump-Forearm 
( 4 ) (  5) Flowmeter (10) Diffusion Pump-Barrel 
Figure 5, Diagram of the Water Cooling System. 
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y f o r  use i n  +ea e 
ump were fabricated 
s ide  were made from red rubber and brass. 
A l l  the components of a vacuum system must be cleaned thoroughly 
before they are assembled. 
with a solvent such as trichloroethane and then rinsed with a high qual i ty  
acetone to  remove the fi lm tha t  trichloroethane deposits. 
such as the seals should be cleaned with isopropyl alcohol. 
par t s  should not be exposed to  the other cleaning agents as they w i l l  
remove the sealer applied t o  the gasket during manufacture, 
par t s  are cleaned, it is desirable  to  bake those items tha t  w i l l  withstand 
high temperatures. The heat w i l l  vaporize the water and cleaning agents 
that have been absorbed. 
t o  outgas the system. 
The metal and glass  parts should be washed 
The rubber par t s  
The rubber 
After the 
This w i l l  considerably reduce the t i m e  required 
Certain lubricants are very useful i n  sealing the jo in t s  between 
the components. 
sealing j o i n t s  with "0"-Rings and other ru3ber gaskets, 
Do@ Corning 704 diffusion pump o i l  has been used f o r  
Dow Corning high 
vacuum s i l icone  grease is a lso  qui te  f l ex ib l e  as a sealer, and is recam- 
mended for  use over the temperature range of -40' t o  200' C. 
806A Aerospace sealer has been found an excellent sealant f o r  a l l  p a r t s  
of the vacuum system, and essentially solves minor leakage problems. 
Daw Corning 
Operat3on of the  vacuum system generally yields a chamber pressure 
on the order of 1 x lo" Torr a f t e r  two b u r s  of operation, and 8s low 
as 1 x Torr after 12 hours of operation, 
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va 
great ly  upon the accuracy of the instrumentation used. Instruntentation 
the ele is required fo r  the measurement of the heat f lux  (i.eep 1 
power input), the  force applied t o  the interface,  and the temperature 
measuremanits. 
Power to  the heater system was controlled by three powerstats as 
shown .fn Figures 6 and 7. 
diameter by 3 inches long w a s  -mapped around the source end of the specimen 
t o  serve as the main heater. 
power to  the guard heater, and the remaining powerstat provided an addi- 
t iona l  power supply to  the vacuum chamber, fo r  use with radiation shield 
heating, for  baking the system fo r  outgassing, or  other purposes. 
A 300 watt Acrawatt BLOEF band heater, 1 l/Z-inch 
The second powerstat was used fo r  regulating 
The source end of the specimen with bank heater was  insulated ax ia l ly  
and radial ly  t o  minimize the heat: losses. The rad ia l  insulation was PFW 
glass  insulation loosely packed around the heater and held in  place by a 
small sheet of aluminum f o i l .  
the losses, an aluminum radiat ion shield was located about 1 inch away from 
To shield other components and fur ther  reduce 
the insulated heater. 
formed by t h i s  outer shield to prevent radiation t o  the instrumented section 
of the specimen. 
sheeting and asbestos board insulating material. 
located i n  the insulation separated aluminum disks f o r  monitoring the ax ia l  
heat loss. 
An aluminum cap was placed on top of the cylinder 
The ax ia l  insulator w a s  made from 1/16-inch aluminum 
Thermocouples were 
For be t t e r  control of the heat losses from the source, an a x i a l  guard 
heater was in s t a l l ed  below the insulator.  The guard heater provided a 
25 
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Ammeter 
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Transformer 
Vol trne ter 
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Figure 7, Schematic of the Power Supply and Heater Controls. 
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a x i a l  insulato 
heating element, a c o i l  of 24 gage nichrome resistance wize 3l l6bhch  in  
diameter and 5 inches long, wae embedded i n  ed lava e heat- 
ing element was  then encased i n  a s ta in less  steel cylinder 2 inches itr. 
diameter and 1.25 inches long, to withstand the compressive loads applied 
to  the interface.  
in  power input and withstood the re la t ive ly  high temperatures w e l l .  
The resul t ing guard heater responded rapidly to changes 
It w a s  necessary to  measure the power input i n to  the specimen and 
guard heaters t o  insure the i r  operating l i m i t s  were not exceeded and per- 
mit a check on the heat losses. 
supplied to  the heat source. Thus, t o  calculate  the electrical power input, 
it was necessary to  measure the current through the heating element, and the 
drop i n  potent ia l  across the heater. 
with a Weston Model 904 voltmeter and a Weston Model 904 ammeter, respecc- 
ively. Both instruments had an accuracy of 2 0.5 percent of the f u l l  sca le  
readfng. They had multiple ranges which made it possible to use the upper 
half of a scale t o  record a reading. The power input could a l so  have been 
measured d i rec t ly  with a wattmeter, if losses i n  the leads were considered. 
A wiring diagram of the heater power system with instruments is sham i n  
Figure 7. 
Heat losses  are based upon the power input 
The voltage and current were measured 
The s ink for cooling the end of the specimen was made from 1 1/2-inch 
diameter copper rod with copper tubing cooling co i l s  attached w i t h  silver 
solder, as shown i n  Appendix A. 
sink with 8 threadslinch. 
The specimen is then screwed in to  t h i s  
The system is set up such that the cooling f lu id  
27 
a p ~ ~ r e n t  pres sur^ an interface is no 
dividing the force applied t o  the specfrnttns by the cross 8@t%iOna l  area 
of the interface.  
magnitude of the  force applied t o  the interface,  
located in  a vacuum environment, Fneasuring the applied force presented a 
Thus, i t  was necessary t o  determine accurately the  
Since the in te r face  was 
problem, 
It was decided t o  measure the applied force external t o  the vacuum 
The force was recorded with a BLH Model C3P1 load cell coupled 
The load cell was calibrated and 
system. 
to a BLH Model 12Oe s t r a i n  indicator. 
the r e s u l t s  and cal ibrat ion technique are given i n  Appendix B. To obtain 
the force ac tua l ly  applied t o  the h t e r f a c e ,  the measured &ad had to be 
corrected f o r  the effect  of the passthrough bellows and the weight of the 
test column between the in te r face  and the load cell. The correction to 
the applied force for the e f f ec t  of the passthrough bellows was determined 
by measuring the resfs t ing force as a function of the bellows deflection. 
Results of t h i s  cal ibrat ion are also given in Appendix B. Loading of the 
specimen was provided by the dry Nitrogen bellows located in the vacuum 
chamber. The high pressure Nitrogen system is shown i n  Figure 8.  
A Simplex Model 52 worm-gear screw jack vas used to facilitate 
specimen alignment and pennit separation of the contacting surfaces. 
screw jack, located below the passthrough bellows, has a two ton capacity 
This 
and a 15:l gear ra t io .  The passthrough manufactured by Stepco, was  designed 
as an expansion j o i n t  f o r  high pressure applications, but its s u i t a b i l i t y  
28 
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Figure 8 ,  Diagram of the High Pressure Nitrogen System. 
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a factory rep 
orce was mounted bet wee^ the jack and the 
orated in to  the 
load mecha~8m to keep the be1ldW and the iuteLface itr  a 
The test section was mounted i n  a s t a i n  ess steel fram as 
The vertical supports of the framework were three shown ib  Figure 9. 
5/8-inch diameter s ta inless  steel rods. 
base plate  by universal feedthroughs that provided compression seals t o  
make them vacuum-tight. These rods were i n  turn attached t o  the bottom 
support p l a t e  of the NASA apparatus t o  permit r igid support. This type 
of framework construction prevented the force applied t o  the interface 
from being transmitted to the base plate. Thus, it was  only necessary 
for  the base p l a t e  to  support the weight of the test section. 
These were extended through the 
The accuracy of the determination of the interface contact resistance 
is greatly dependent on the accuracy of the  temperature measurements. 
Henceg the precision of the thermocouples and thermocouple readout system 
is of major importance i n  the  experimental program. 
of Leeds and Northrup Model 8248 twelve-point thermocouple switches; 
Vacmen Corporation potted thermocouple passthroughs with either 24 copper- 
constantan or  24 iron-constantan themocouple leads; tef lon terminal s t r i p s  
i n  the vacuum chamber; ice junctions: and associated wiring. 
The system consis ts  
After the instrumented test specimens are placed in  the test 
apparatus, the thermocouple leads are attached t o  two tef lon terminal 
s t r i p s  with brass bolts and s ta in less  steel nuts. 
selected on the basis of their thennal, electrical, and vacuum environment 
properties. 
These materials were 
Each terminal s t r i p  supports 12 thennocouples and is fixed 
30 
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kewise attached 
the complete s t r i p  is cthielded from the he 
~ ~ o t h e ~ l  conditions a t  the s t r i p  junction. The thermocouple leads from 
the vacuum chamber are attached td Bakelite terminal str d 
region f ree  from i i r  currents with leads from the respective thermocouple 
switches as s h m  i n  Figuee 10. 
Special high-quaiit pper dead w i r e s ,  itisulated with teflon, were 
0upi.e wires t o  the tiiemcicouple witCht?s uti l iged td extend the kh 
and rWe potentiometer. 
was  grounded. 
thermocouple obtputs. 
The lead wires weke a l l  shielded Vikh c6xldrlit that: 
The shieiding prevented indbced Ek4F from affecting the 
A reference junction was included i n  the c i r c u i t  
fo r  each selector  switch which i n  essence provided an individual cold 
junctibn for each thermocouple. The cold junction thermocouples were 
each placed in  small, o i l - f i l l ed ,  glass tubes that  were immersed in a 
water and ice bath t o  provide an accurate 3Z0 P reference temperature. 
Dist i l led water and ice  were used t o  eliminate any errors  from impurities 
i n  the water. 
Northrup Model 8686 millivolt potentiometer. 
on the potentiometer was 5 microvolts which represented 0.2' F fo r  
copper-constantan thermocouples for  the range of temperatures consfdered. 
Thus, the uncertainty associated with the potentiometer was 0.2' F. 
The thennocouple outputs were recorded with a Leeds and 
The smallest scale divis ion 
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~ F E ~ ~ ~ E ~ T A L  PROGRAM 
Imorporaticm of the  NASA apparatus i n  the present vacuum 
required a few modifications of the ex is t ing  equipment. 
were made i n  the o r ig ina l  NASA eqttipment t o  kaeilitate i n s t a l l a t i o n  and 
operation. Since experimental ver i f iea t ior i  af the design and opeltatioz! 
of the NASA tkennal contact conductance apparatus required knowledge of 
the thermal conductivity and surface condition of the test specimens, 
separa te  tests were made t o  d k t e h i n e  thesd cbracteristics. 
A few chatlges 
Acceptance 
tests were then conducted using specimens of Annco Iron and Aluminum 
2024 t o  f i n a l i z e  the  test sec t ion  configuration. 
APPARATUS AND VACUUM FACILITY MODIFICATIONS 
Before the  NASA apparatus could be placed in the  vacuum chamber, 
the lower support p l a t e  was modified t o  allow €or ex is t ing  vacuum feed- 
throughs and holes for  the support rods and load shaf t .  In addi t ion,  
s l i g h t  changes w e r e  made i n  the rest specimens, the dry nitrogen bellows 
system, s ink assembly and axial load assembly. 
NASA apparatus is shown i n  Figure A-l. 
A drawing of the i n s t a l l e d  
The specimens were lengthened from two to two and one-half inches, 
and f i v e  cen te r l ine  thermocouple holes were d r i l l e d  a t  one-half inch 
increments s t a r t i n g  a t  one-fourth of an inch from the in t e r f ace  edge. 
I n  addition, t h ree  holes one-sixteenth of an inch deep were d r i l l e d ,  
diametr ical ly  opposed t o  the f i v e  holes,  f o r  measurement of surface 
34 
azid s i n i  assembly were ins ta l led  
using Swagelock f i t t i ngs ,  to f a c i l i t a t e  assembly and disassembly of the  
apparatus. 
The or ig ina l  NASA apparatus design called tor ins ta l la t ion  of the 
load cell within the vacuum chahber, howeve , the Iotld cell provided was 
not modified for vacbm use. Akhough a represehkative of the BLH Company 
s ta ted that  the load c e l l  mrild b e ins ta l led  i n  a vacuum, it was deemed 
desirable t o  place t6e load cell  outside of the vacuum chamber. 
ing axfal load system is shown i n  Figure 11, 
The result-  
Modifications of the vacuum f a c i l i t y  included the addition of a 
cryogenic passthrough for the l iquid nitrogen coolant, and a passthrough 
fo r  the dry nitrogen l i ne  t o  the load bellows. 
machined f o r  purposes of securing the test apparatus firmly t o  the baae 
plate.  
f o r  the dry nitrogen load bellows. 
Figure 9. 
posi t ive action on-off valves i n  conjunction with a pressure regulator 
and a gage f o r  monitoring the bellows pressure. 
Shorter support rods were 
The control panel was modified t o  include the pressure regulation 
The dry nitrogen system is shown i n  
This system included two high pressure needle valves and two 
THERMAL CONDUCTIVITY FIEAStBEMEMT 
An apparatus to  measure the steady state thermal conductivity of test 
specimen materials was constructed. It consists of a central heater sand- 
wiched 
of the 
between two four inch by one and one half inch diameter cylinders 
test materials, with guard heaters at each end t o  maintain a 
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Test Specimens 
eat Source 
Guard Heater 
Base Plate 
Sassthrough Bellows 
Load C e l l  
Mechanical Screw-jack 
Guide Plate 
Support Rods 
Support Plate 
Figure 11, Diagram of the Axial Loading System. 
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temperature gradient  of approximate 20°F i n  the  test  samples. 
couples are located a t  one-half-inch intervals along the specimens t o  
monitor the  l i n e a r i t y  of t he  temperature gradient ,  The test  samples 
and cen t r a l  hea t e r  are  in se r t ed  i n t o  a ten-inch-diameter cyl inder  
f i l l e d  with vermicul i te  t o  minimize hea t  l o s ses .  The ends of the 
specimens are attached t o  water cooled p l a t e s  to  insure  proper temper- 
a tu re  control .  
thermal conductivity measurement may be  found i n  Appendix D. 
Thermo- 
A more de ta i l ed  descr ipt ion and discussion of t he  
Tests wi th  Armco I ron  w e r e  used t o  determine the  hea t  loss from 
the  apparatus as a function of temperature. The thermal conductivity 
of "as received" and "annealed" Aluminum 2024 w a s  then calculated.  The 
r e s u l t s  and uncertainty i n t e r v a l s  are presented i n  Figure 12. The d a t a  
are extremely sens i t i ve  t o  var ia t ions  i n  the  heat l o s s  coe f f i c i en t .  The 
uncertainty f o r  t h e  "as received" aluminum i s  approximately 5 percent ,  
however, an uncertainty of approximately 10 percent i s  shown f o r  t he  
"annealed" aluminum as a r e s u l t  of the lower temperature gradient  f o r  
the  same hea t  f lux .  
SPECIMEN PREPARATION 
Since sur face  condition i s  a major f a c t o r  a f fec t ing  thermal con- 
tact  res i s tance ,  extreme care must be taken i n  f in i sh ing  the  contact 
surface.  With the  l a the  equipment ava i lab le ,  i t  is poss ib le  t o  acquire  
a waviness o r  f l a t n e s s  deviat ion of 2/10,000 of an inch. 
roughness ranges between 10 and 12 microinches, rms. Thus, the i n i t i a l  
f in i sh ing  of the  specimen .y ie lds  a surface which is  adequate f o r  experi-  
mental use. 
The sur face  
However, t o  improve the  surfaces ,  the  specimens are lapped on a 
Lapmaster 1 2 ,  a product of t he  Crane Packing Company. They are placed 
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e 
resul tant  f l a tnmg  deviation is withVn 2/1,000,000. 
The f la tneas  of the surfack 18 measured by inter e refraction. 
This process consfsts of refraetihg a l i gh t  beani of helitim through an 
opt ical  f l a t  (quartz glass), on t o  the surface to  be measured, The 
i r r egu la t i t i e s  i n  the specheri surface w i l l  cause interference bands 
or fringes t o  appear on the surface of the opt ical  f l a t .  
are shadows one-half the wavelength of the illuminating l ight .  
These bands 
Teflon caps were bade, to  place Wer the end of the specimens f o r  
ptdtection of the finished surface. These covers are tapered inside, so 
tha t  they da riot touch the test: surfaces. 
damage and oxidation of the polished surface. 
Use of these caps minimized 
The thermocouples used i n  th i s  invesrigation must be small An order 
t o  permit point temperature measurement, reduce conduction losses, and 
must be tough enough t o  withstand the r igors  of assembly and testing. 
In an attempr t o  determine the best method of fabricating the thennocouplea, 
several different  techniques were tried. The best r e su l t s  were obtained 
when the bare par t s  of the wires were twisted together t ight ly  fo r  about 
one-fourth of an inch, the j o i n t  s i l ve r  soldered, and the excess wire 
cut off to  the point where the wires f i r s t  made contact. 
used fo r  a l l  thennocouple construction i n  this  investigation. 
couples are then checked f o r  continuity. 
Thls procedure is 
The themo- 
To measure the center line temperatures of the specimen, thermo- 
couples are mounted i n  holes 0.046 inches fn diameter, and 0,531 inches 
39 
of care is takeh t o  insure tha t  the thermocouple and fnsulation are not 
a$ed du+lQng t h i s  operation. The resistance of l e  is 
checked before and a f t e r  instal la t ion.  I f  the resiistance varies between 
the reading, it is aesiumed that damage has occurred and the thermocouple 
is then replaced. 
The surface temperatures are measured by placing thermocouples i n  
holes 0.046 inches i n  diameter and 0.062 inches deep, diametrically 
opposed t o  the centerline holes. The leads are wrapped &ice around the 
specimen for the  purpose of minimizltig heat ldsses and f a r  convenience 
i n  instal la t ion.  
An X-ray bf the spechens is  taken for  the purpose of determining 
the exact location of the thermocouples. It also shags i f  there are any 
flaws i n  the metal or thermocouple ins ta l la t ion  which would a f f ec t  the 
accuracy of the temperature measurement. 
X-ray of an Aluminum 2024 spectmen set. 
Figure 13 is a representative 
DEVELOPMENT TESTS 
The ef fec ts  produced by the ins t a l l a t ion  of radiation shields,  guard 
heaters, and insulation; by polishing the surface of the specimen and by 
various heater ins ta l la t ion  techniques were evaluated experimentally i n  
a series of tests conductedqby Abbott (1). The tests were selected so 
that the r e su l t s  could be d i rec t ly  compared t o  indicate the relative 
effectiveness of each test section configuration. Clausing (11) 
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the reduction 00 heat  losses  wad the  p r inc ip l e  €actor  considered i n  
deciding which of khe test sec t ion  configurations was the  most des i rab le .  
A series of tests were performed using the  NASA apparatus t o  deter-  
mine a s u i t a b l e  test sec t ion  configuration. 
test specimens machiaed from Armco Iron and Aluminum 2024. 
t o  the  test sec t ion  canf igu ra t ion  described previously,  several d i f f e r e n t  
Tests were conducted using 
In addi t ion  
r ad ia t ioh  $hieids werk tested t o  
minimize the su r face  heat l o s ses  
grad ien t  i n  the  test spec;lm&nb1 
detsfttnine which type of sh i e ld  would 
and permik a more uniform temperature 
*he rkaul t ing  sh ie ld  was constructed from 
s t a i n l e s s  steel screen formed into a e l l f n d e r  1. 718 inches in diameter 
and 2 1 / 2  ifiches i n  length. 
a t i o n  $ere secbked t o  the i n s i d e  sur face  of the screen cy l inder ,  
r ad ia t ion  sh ie ld  &IS placed around the  heated specimen and a s p l i t  
aluminuh d isk  placed across  the top t o  completely enclose the  heated 
specimen without touching it. 
with r ad ia t ion  sh ie ld  is shown i n  Figure 14.  
yielded r e l a t i v e l y  uniform temperature grad ien ts  with minimum hea t  losses .  
The performance of these  tests provided an opportunity t o  check and 
Layeus of a l d i l r h  f d i i  ahd dexiglslss insul-  
This 
A photograph of the assembled test sec t ion  
Use of this t e a t  s ec t ion  
r e f i n e  the test sec t ion  configurat ion,  as w e l l  as e s t a b l i s h  a procedure 
f o r  operating t h e  apparatus. 
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Figure 14. Photograph of the Assembled Test Section 
with Radiation Shield. 
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The f i a a l  test sackion configurbtion and methad of ins ta l la t ion  we2e 
selected as a re su l t  of a series oE preliminary 
Armco Iron and Aluminum 2024 test specimens. 
performed w i t h  Arm& Iron specimens t o  dscertaih the magnitude of the 
heat ldsses from the assembled t4s t  appdratus and fo r  f i n a l  ver i f icat ion 
of the test sectid configuration. Alumiaurh 2024 was then used t o  obtain 
thermal conductance data fo r  bare junction tests. 
$ts conducted with 
Additional tests were 
The resu l t s  of these 
tests were compared with Clausing and Chao (lo), Pried (19), and Yavotr- 
ovich (37), t o  fur ther  demonstrate the va l id i ty  of the data  deterlained 
with t h i s  experimental apparatus. 
The f i n a l  test section configuration consisted of the instrumented 
test specimens, the f lu id  cooled sink, the band heater source, an axial 
insulator,  an axial guard heater, and the associated radiation shields.  
The band heater was insulated with glass woo1 and covered with Aluminum 
f o i l .  This insulation improved the ax ia l  heat transfer by permitting a 
lower power input t o  maintain the same interface temperature. The heat 
radiation t o  surrounding components of the apparatus was  further reduced 
by shielding the heater sect ion (Figure 14). 
were ins ta l led  t o  guard the thennocouple terminal s t r i p s  from extraneous 
heat radiation, and t o  reduce surface heat loss  from the test specimens. 
Additional radiation shields  
The experimental measurement of thermal contact conductance is 
dependent on the assumption of an established uniform heat flux through 
the rest specimen. 
reduced t o  a minimum. 
Thus r ad ia l  heat loss from the specimen should be 
The axial temperature gradient, the difference 
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g the test speciaaen reduced kha suefdce heat loss so t B 8 t  specfmen 5ur- 
at  the  interface and withiil 0.5 percent or less at  other thermocouple 
locations. The uncertainty i n  temperature measurement estimated from the 
thermocouple calibration was also 0.5 percent (Appendix C). 
and centerline temperatures were plotted against  distance along the spec- 
The surface 
imen, as shown in Figure 15. The trend toward an increasing temperature 
gradient was caused by a decrease i n  the thermal conductivity of the 
specimens with decreasing temperature. 
the measured temperatures are a lso  shown i n  Fggure 15. 
The heat fluxes calculated from 
The experimental measurements and apparatus were checked by investi-  
gating the heat losses from a set of Armco Iron specimens. Since calcu- 
l a t ion  of the thermal contact conductance requires tha t  the  magnitude of 
the heat f lux  be known at the interface,  the heat losses from the heated 
half  of the specimen were investigated. The heat f lux  was  calculated by 
assuming one-dimensional heat conduction through the specimens. 
temperature gradient was estimated between each of the  centerline thermo- 
couples by subtracting each succeeding temperature from the one adjacent 
t o  it and dividing by the distance between the thermocouples. 
conductivity of the specimen was read from Figure 12 at  the mean tempera- 
t u re  corresponding t o  the 'particular location. 
losses, the calculated values of the heat flux were plot ted versus the 
corresponding s ta t ion  along the specimen, The slope of the curve drawn 
through these poinrs reflects the rate of heat loss per un i t  length along 
The 
The thermal 
To evaluate the heat 
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e s  6 
pendix E. Heat losses  from Alumfnum 
the  i n i t i a l  he& flux. 
linear temperatfxre gradietlts depicted i n  Figure 15 indicate that the heat 
The i b w  sutface losses and the  cmparat&vely 
fiux edtablished by the final test section eonfigurdtion w a s  re la t ive ly  
liniform. 
The Armco ifon specimeti teGt$ bere petformed at an bnv%ronmental 
pltessure of appkokimately 5 x Idm6 Tori: at which the e f fec t  of surface 
cmvection is insignificankr 
tion and radiation. The ttf 
I 
Thus, heat Zob~tBs had t o  occur by conduc- 
roubles protided the ionly paths €or con- 
duction losses ftom t he  test section of the specimen. For thernrocauple 
lead wires not  wrapped around the specimen and surface temperatures of 
300' P, calculated losses of 0.6 percent of the axial heat f lux may be 
expected for 30 gage wire (3). Since the thermocouple leads i n  th i s  
investigation were wrapped around the specimen, conduction losses were 
considerably less. By assuming the test portion of the  specimen and the 
radiation sh ie ld  to be gray surfacess i t  was  possible t o  fur ther  analyze 
the radiation character is t ics  of the f i n a l  test section configuration. 
Results of t h i s  analysis indicate  that  the heat losses may be accurately 
predicted, a8 shown i n  Appendix E. 
After the heat loss analysis was coazpleted, a series of tests were 
perforraed using Aluminum 2024 specimens. 
ver i fy  the experimental apparatus and procedure for investigating thermal 
coatact conductance. The contacting surfaces of  the  Aluminum specimens 
mese tests were conducted t o  
47 
were f inished on a l a the  and then lapped as described i n  Chapter 4 .  
The r e su l t i ng  surfaces  had a 3 t o  5 microinch roughness and approxi- 
mately a 20 t o  25 microinch f l a tnes s  deviat ion,  as shown i n  Figure 16. 
The tests were performed a t  an environmental pressure of 5 x 10 Torr 
f o r  a range of i n t e r f ace  pressures and two heat f luxes.  
-6 
Thermal contact  conductance was defined i n  Chapter I by the rela- 
t ionship 
- 4 / A  
AT h -  C 
where AT i s  the  temperature d i f fe rence  a t  the in t e r f ace .  The a x i a l  
temperatures w e r e  p lo t ted  versus the d is tance  from the  in t e r f ace ,  and 
extrapolated t o  the  in t e r f ace  by a least squares f i t  of t he  da ta  f o r  
each test run t o  f ind the  respect ive temperature d i f fe rences  (Figure 
15). Since the  thermal conductivity of t he  test specimen material w a s  
known (Figure 12), the hea t  f lux ,  q/A,  i n  t h e  specimen w a s  found from 
the  calculated temperature gradients  i n  the  specimen neares t  room 
temperature and thermal conductivity,  both of which w e r e  determined 
from the temperatures measured along the  specimen. The hea t  f l ux  
determined by subtract ing the  estimated losses  from the  measured 
hea ter  input  w a s  compared with the hea t  f l u x  calculated by use of t he  
thermal conductivity and temperature gradient .  The average d i f fe rence  
between the  hea t  f luxes w a s  7 percent f o r  Ser ies  2 and 1.5 percent f o r  
Series 3 and 4 .  The l a rge  change i n  the  difference between Series 
2 and Series 3 and 4 may be a t t r i bu ted  t o  the  f a c t  t h a t  t he  heated 
aluminum specimen propert ies  were changing due t o  a slow annealing 
process during Ser ies  2. In later runs (Series  3 and 4 ) ,  the aluminum 
specimen had become f u l l y  annealed and i n  addition, the specimen 
48 
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TABLE I1 
TABULATED EXPERIMENTAL RESULTS 
Se r i e s  2 
P I A  j 
AT 
C 
h 'a 
p s i  Btu/hr sq f t  O F  - OF Btu/hr sq f t  
Loading : 
118 792 35.9 28,420 
251 2720 13.3 36,170 
384 4710 7.9 37,210 
539 7900 5.0 39,510 
702 9440 4 . 1  38,690 
834 12,120 3.2 38,780 
1009 14,200 2.6 36,910 
Unloading : 
737 12,660 
415 7080 
m T 
OF - 
2 15 
232 
233 
2 40 
232 
236 
229 
3.0 37,980 233 
5.3 37,530 233 
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TABLE I1 (Continued) 
Series 3 
pa 
psi 
114 
268 
4 18 
567 
732 
881 
1038 
Series 4 
'a 
psi 
260 
406 
554 
722 
860 
C 
h 
Btu/hr sq f t  OF 
1270 
2190 
3550 
5240 
6190 
7190 
86 80 
AT 
O F  
34.5 
22.3 
14.3 
10.0 
8.6 
7.5 
6.3 
j - 
4 /A 
Btu/hr s q  f t  
43,780 
48,830 
50,730 
52,430 
53,240 
53,930 
54,650 
(Repeatabil i ty Check f o r  Series 3) 
C 
h 
Btu/hr s q  f t  OF 
2340 
3400 
4370 
5400 
7520 
m T 
O F  
2 80 
2 89 
291 
293 
294 
295 
296 
- 
q / A  Tm AT j 
OF - OF Btu/hr sq f t  - 
20.0 48,560 285 
13.8 49,350 281 
11.1 52,420 292 
9.1 53,490 293 
6.5 53,410 293 
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surfaces  were ref inished.  Therefore the r e s u l t s  of Series 3 and 4 
compare w e l l  (Figure 19),  bu t  Series 2 shows a d i f f e r e n t  trend, The 
experimental r e s u l t s  of thermal contact conductance obtained f o r  t h i s  
inves t iga t ion  are l i s t e d  i n  Table 11. 
A n  uncertainty ana lys i s  (Appendix F ) ,  w a s  performed t o  estimate 
the  range of e r r o r  i n  the hea t  f lux  and thermal contact conductance. 
Uncertainty f o r  the heat f l ux  w a s  8.9 percent or  less as shown i n  
Figure 15. Uncertainty f o r  the  thermal contact conductance w a s  on 
the  order of 11.6 percent. The r epea tab i l i t y  of the  da t a  obtained 
using t h i s  test apparatus w a s  checked by conducting a second series 
of tests a t  comparable test conditions. To insure t h a t  the i n i t i a l  
conditions were similar,  the test specimens were separated and the  
system w a s  shut  down fo r  several hours. The experimental procedure 
w a s  the same as t h a t  used f o r  the i n i t i a l  tests. The energy input  t o  
the  source hea ter  and the  contact  pressure i n  Series 4 were reproduced 
as closely as possible  t o  those of Series 3. The da ta  f o r  these re- 
pea tab i l i t y  tests are a l s o  presented i n  Table 11. 
Fried (19) and Clausing and Chao (10) conducted some of t h e i r  
tests a t  a constant  i n t e r f ace  mean temperature. However, some quest ion 
e x i s t s  as t o  the  necessi ty  f o r  maintaining t h i s  condition. Rogers (31) 
reported t h a t  i n  a vacuum environment the  thermal contact  conductance 
increased only s l i g h t l y  with increasing mean temperature. 
and Chao, on the  other  hand, showed t h a t  at  a constant load the i n t e r -  
face  conductance increased appreciably and r a the r  uniformly with the  
in t e r f ace  mean temperature. Hence, i n  t h i s  inves t iga t ion  an e f f o r t  
w a s  made t o  maintain the in t e r f ace  mean temperature a t  a constant 
Clausing 
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value,  plus o r  minus 5 percent fo r  each series of runs,  as l i s t e d  i n  
Table 11. 
Thermal contact  conductance values f o r  Aluminum 2024 bare m e t a l  
spher ica l  faces  obtained by Clausing and Chao (10) are shown i n  Figure 
17 .  A s  may be seen, t h e i r  inves t iga t ion  does not show a clear trend 
between contact  conductance and surface f in i sh .  Several  test  runs 
shown i n  Figure 1 7  were p lo t t ed  fo r  comparison with Series 2 da t a  of 
t h i s  inves t iga t ion ,  as shown i n  Figure 18. I n  order t o  p e r m i t  s imilar  
t e s t ing  condi t ions,  junct ion temperatures w e r e  maintained within a few 
percent of those given by Clausing and Chao. Although the da ta  c l e a r l y  
are not i d e n t i c a l ,  i t  should be noted t h a t  t he  curves do show the  trend 
of increased conductance with decreased f l a t n e s s  deviation. 
Experimental r e s u l t s  presented by Bloom (6) and Fried (19) show 
t h a t  thermal contact  conductance increases  as surface roughness and 
f l a tnes s  devia t ion  decrease. 
however, r e s u l t s  of several tests show t h a t  contact conductance in- 
creases with increased sur face  roughness and f l a tnes s  deviation, while 
r e s u l t s  of t he  remainder of t h e i r  tests exhib i t  the  opposite trend 
(Figure 1 7 ) .  
be approximate, since such a wide va r i a t ion  of thermal contact conduct- 
ance with sur face  f in i sh  e x i s t s .  
I n  the work of Clausing and Chao ( l o ) ,  
Thus, ac tua l  comparison with spec i f i c  test runs can only 
Thermal contact conductance values determined as a r e s u l t  of un- 
loading the  junct ion are approximately 25 percent higher than loading 
values,  as shown i n  Figures 1 7  and 18. This phenomena has a l so  been 
noted by Clausing and Chao ( l o ) ,  Fried (19), and Yavonovich ( 3 7 ) .  Al- 
though there  has been no in t e rp re t a t ion  presented i n  the l i t e r a t u r e ,  
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the  increased value of thermal contact conductance f o r  unloading condi- 
t ions  may be explained by considering the  ac t ion  a t  the in te r face .  A s  
the  surfaces  are loaded, t he re  i s  a tendency fo r  any microscopic pro- 
tuberance t o  be f la t tened ,  r e su l t i ng  i n  a smoother surface.  Thus, as 
would be expected, unloading the in t e r f ace  t o  some lower value w i l l  
r e s u l t  i n  a higher  value of contact conductance due t o  the smoother 
surface.  During a subsequent test i n  P a r t  I1 of t h i s  inves t iga t ion ,  i t  
w a s  noticed t h a t  specimens t e s t ed  enough t i m e s  to  assure  repeatable  da ta  
do not  exhib i t  t h i s  phenomena, s ince a f t e r  severa l  cycles of loading and 
unloading the  surface conditions tend t o  become uniform. F r i e d  (19) has 
a l s o  shown t h a t  specimens t e s t ed  severa l  t i m e s  exhib i t  l i t t l e  deviat ion 
between loading and unloading values of contact  conductance. 
Figure 19 shows a comparison of Series 2 data  with t h a t  obtained 
i n  Series 3 and 4. It should be pointed out t h a t  although the s a m e  
specimens w e r e  used for  a l l  tests, the sur faces  were repolished between 
Series 2 and 3. 
junct ion temperatures (235°F and 295°F) are similar funct ions of pres- 
sure.  The v a r i a t i o n  i n  sur face  f i n i s h  due t o  the pol ishing may account 
f o r  the d i f fe rence  between the two curves, s ince a temperature increase 
The thermal contact conductance values f o r  both average 
of 50 t o  60°F at the junct ion does not subs t an t i a l ly  e f f e c t  the contact  
conductance (6,31). Series 4 w a s  run as a r epea tab i l i t y  check f o r  Ser-  
ies 3, and as i l l u s t r a t e d  compares very favorably. 
The experimental r e s u l t s  obtained by Fried (19) f o r  Aluminum 2024 
are shown i n  Figure 20 f o r  comparison with t h i s  invest igat ion.  The 
curves do show the  same general  trend, and as expected, t he  thermal 
contact conductance does increase  with decreased sur face  roughness and 
f l a tnes s  deviation. The increased contact  conductance occurs not  only 
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because of a smoother sur face  f in i sh ,  bu t  a l s o  because of a higher mean 
temperature a t  the  in t e r f ace .  
Comparison with the Aluminum 2024 experimental d a t a  of Yavonovich 
(37)  i s  unins t ruc t ive  due t o  h i s  extremely l a rge  f l a t n e s s  deviat ion 
(1250 microinches). Similar ly ,  the  range of i n t e r f ace  pressures (5,900 
p s i )  f a r  exceeds those normally expected i n  spacecraf t  appl ica t ions .  
However, thermal conductance da ta  of the  present  inves t iga t ion  are con- 
s iderably higher  than those of Yavonovich f o r  load pressure of up t o  
1000 p s i .  This d i f fe rence  i n  thermal contact conductance i s  t o  be ex- 
pected because of the l a rge  var ia t ion  i n  f l a tnes s  deviat ion.  
Coarse f in i shed  sur faces  appear t o  permit more r e l i a b l e  contact  
hea t  t r ans fe r  predict ion and provide more reproducible test data .  Con- 
versely,  very f i n e  f in i sh  surfaces  (such as op t i ca l ly  polished surfaces)  
r e s u l t  i n  t he  least  reproducib i l i ty  and p r e d i c t a b i l i t y  (19) .  This is  
evidenced by comparing the  experimental r e s u l t s  of Clausing and Chao 
( l o ) ,  Fried (19), and Yavonovich (37). Enough surfaces  with l a rge  
f l a t n e s s  deviat ions (220 microinches o r  grea te r )  compare favorably,  
whereas f o r  smoother sur faces  with r e l a t i v e l y  s m a l l  f l a t n e s s  (50 micro- 
inches o r  less) deviations of more than 100 percent are exhibi ted 
(Figure 1 7 )  e 
The experimental values of thermal contact  r e s i s t ance  determined 
with t h i s  apparatus are repeatable  and comparable t o  t h e  da t a  of o the r  
inves t iga tors .  These r e s u l t s  ind ica te  t h a t  the  apparatus and techni- 
ques used are s a t i s f a c t o r y  f o r  the inves t iga t ion  of thermal contact 
conductance with i n t e r s t i t i a l  materials, 
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The experimental apparatus described in this repore wag desighed and 
constructed for the purpose of investigating thermal contact conductanceb 
It has the capability of subjecting the test interface to a wide range of 
physical and eavironmental conditions. A series of acceptance tests were 
conducted and the results were shown to compare favorably with those of 
other investigators. 
all investigation -- the verification of the thermal contact conductance 
Tlius, the major objective of this part o€ the over- 
values obtained with this apparatus -- has been accomplished. 
mental calculation techniques and procedures have also been established. 
Experf- 
The second phase of this investigation, a comparative study of inter- 
stitial materials, is now being undertaken. 
The use of surface thermocouples (p. 40) in addition to the internal 
thermocouples permits a more detailed analysis of the axial heat flux and 
allows a continuous check of the effectiveness of the radiation shield. 
The location and installation of the thermocouples is extremely important 
(p. 40). Distances should be accurately measured t o  deduce the uncertainty 
in the calculated temperature gradients. After trying various methods 
of installation, it was found that the use of Aluminum powder packed 
around the thermocouple bead provides the most repeatable data (p. 3 9 ) .  
Controlling the temperature gradients in the specimen should permit 
a more accurate evaluation of the temperature difference (AT ) at the 
j 
interface. 
circulated through the sink assembly. 
Such control can be accomplished by the use of heated fluids 
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the heated spec was ~dequa te*  A 
s p ~ i t  radiation shield was tested,  however, results were not as satis- 
factory as the s ingle  heated specimen shield (p. 42)* Materia for 
shields  can be varied, but Aluminum f o i l  prav the most vers t Y  ? 
with minimum heat loss by conduction. 
As shown i n  Chapter 5 ,  the experimental resu l t s  of t h i s  investiga- 
t i o n  compare generally with those of Clawing and Chao (10) and Fried 
(19). 
of surface f in i sh  and mean junction temperature, similar trends are 
evident (p. 55). 
of less than S percent i n  the thermal contact conductance (p. 5 5 ) .  
cer ta in t ies  f o r  t h i s  investigation ranged from 5.0 t o  .-8.9 percent for 
the heat fluxes, 7.2 t o  11.6 percent for the  thermal contact conductance, 
and 0.7 t o  5.6 percent for the apparent load pressure (Appendix F). 
resu l t s  and uncertainties indicate that  the apparatus and techniques used 
are sat isfactory for the investigation of thermal contact conductance 
with i n t e r s t i t i a l  materials. 
Although spec i f ic  comparisons are d i f f i c u l t  due t o  the  var ia t ion 
Results of a repeatabil i ty check have shown a deviation 
Un- 
These 
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OhtS FOR INST ION 
One of the  host important adpects bf the test apparatus is 
f l ex ib i l i t y  of the  movements of the test specimens. 
permits the i n i t i a l  alignment of the specinhens as w e l l  as t he i r  separa- 
tion and recontact i n  a vacuum environment. 
test method of ins ta l la t ing  the test apparatus t o  achieve t h i s  f l eh ib i l i t y .  
‘he ins ta l la t ion  
The f o l l b i n g  describes the 
The nitrogen load bellows and sink should be secured t o  the upper 
p la te  of the test apparatus (Figure l l ) ,  
bellows guide rods w i l l  keep the loading chamber from expanding when 
placed i n  a vacuum environment. The source and specimen are attached t o  
a loading rod which passes through both the base p la te  and the apparatus 
lower plate.  
arrangement which is attached t o  the base p la te  (Figure 11). A mechan- 
ical  screw-jack or  equivalent, which w i l l  raise and lower the test 
specimen, should be placed d i rec t ly  below the bellows pass-through. 
support rods f o r  the screw-jack support should pass through the base 
The addition of stops on the 
This loading rod is connected t o  a bellows pass-through 
The 
p la te  and be attached to  the  test apparatus for the  purpose of firmly 
securing the equipment t o  the main support. 
leads should be e lec t r ica l ly  insulated t o  eliminate extraneous signals 
which might lead t o  inaccurate readings. 
The load cell and associated 
A l l  components, which are located i n  the vacuum chamber, should be 
completely cleaned t o  remove a l l  contaminents which might hinder high 
vacuum conditions. 
damage t o  the contact surfaces and thermocouples. 
Also, specimens should be handred with care t o  avoid 
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Once the test appatatus has been ins ta l led  and secured t o  the vacuum 
f a ~ i l i t y  the following operatiotr procedure should be used: 
1, An i n i t i a l  k-eading f d r  Zero lodd Conditions s h d d  be made 
tor both the load cell and the d i a t  indicato3 da the pass- 
thrdugh bellows (Figure 11) * 
2. The specimens should then be aligned and brought togethel. 
They should be cycled several times between a 50 p s i  loading 
and separation t o  insure alignment and complete interface 
contact. If  t h i s  repeatabi l i ty  requirement i s  m e t ,  the 
specimens are separated a few mils t o  permit any intersti-  
t i a l  gases t o  be evacuated. 
Next, the apparatus should be cleaned again t o  remove any 
contaxninents which have been l e f t  on the equipment during 
the aligning procedure. The b e l l  jar  is then lowered i n t o  
position. 
The roughing pump should then be s ta r ted  and a small current 
applied t o  the heaters.  
apparatus components e 
After a suff ic ient ly  low pressure has been attained (50-100 
microns), the diffusion pump should be turned on and out- 
gassing continued, f o r  several more hours. 
3. 
4. 
This permits out-gassing of the 
5. 
6. Next, the test specimens should be brought together and 
tests in i t i a t ed  
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. s are conducted by f i r s t  hea 
, allowing t i m e  €or each set of conditions 
to c 6 ~  to  steady-state. 
8. When the runs are co&l&ted, th& power to  the heaters should be 
turned off &d the test cell sealed off from the rest of the 
vdcuum kacility. Tky nittogen is introduced to  the chamber 
and the specimens are allowed to cool, reducing the possibil ity 
of oxidation of interfaces. 
9 .  The apparatus is then ready for removal or any required changes. 
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SELECTED TEST APPARATUS D ~ ~ ~ ~ N ~ S  
The following are selected detailed drawings of the NASA * 
Figure A-1 i s  an assembly drawing and Figures A-2 through A-6 are drawings 
of specific components. 
Figure A-3.: 
Figure A-2: Base Plate Layout 
Figure A-3: Sink Assembly 
Figure A-4: Sink Specimen 
Figure A-5: Source Specimen 
Figure A-6: Load Bellows Assembly 
NASA Apparatus Assembly Drawfng 
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. -  Figure A-2 
Figure 
A- 6 
Figure A-4 
Figure A-5 
Figure 
A - 3  
I I  
I I  
Figure A - 1 .  NASA Apparatus Assembly Drawing, 
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30 x 23 x 1 Chrome Plated Steel Plate 
I 
All dimensions 
7.5 Bolt Circle ’ in inches 
Diameters 
(1) 1.006 - Blank 
(2) 
(3) 1.383 - Power input 
( 4 )  1,383 - Cryogenic Passthrough 
(5) 1.383 - Dry Nitrogen Passthrough 
(6) 0.757 - Thermocouple Passthrough 
(7) 1.008 - Sink Coolant Passthrough 
(8) 2.000 - Load Passthrough Bellows 
(9) 4.000 - Vacuum Port 
1.383 - Support Rod Passthrough 
Figure A-2. Details of the Baseplate Layout. 
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Note A i  Bore and Tap for 1 .OO-8 Threads Class 2 Pit. 
All dimensions in inches. 
Figure A-3. Details of the Sink Assembly. 
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*- 
5 holes, 17/32 inch 
deep, No, 56 Drill, 
A l l  positions LO .001 
from * 
8 Threads 
per inch 
4-1.000 - 
4- .0005 - ,0000 
I 
1 
I 
I 
- 0 -  
-9- 
1 
I 
-0 -  
I 
I 
-0 -  
- 0 -  
I 
A l l  dimensions in inches. 
-?-250 
- - C 5 O 0  
G500 0.500 + 
T 
2 ,oo 
__3)_ , 
4.50 
I 
I T 
Figure A - 4 .  Details of the Sink Specimen. 
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3 holes, 17/32 inch 
deep, No. 56 drill, 
A l l  posit$ons f.001 
inches from * 
-1.000 4 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
- 0 -  
- 0 -  
- 0 -  
-0- 
- 0 -  
4 
0.500 
t + 0.500 
c
All dimensions in inches. 
$0.125 
3,13 
5.75 
I 
2 holes, drill and 
tap, 4-40 thread 
f inch deep 
\
Figure A-5. Details of the Source Specimen, 
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Clearance for inch b o l t ,  
6 holes, 60Q apart 
0.125 
T 
Clearance for  4; inch bo l t ,  
6 holes, 60' apart 
A l l  dimensions i n  inches, 
Figure A - 6 ,  Detai ls  of the Load Bellows Assembly. 
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A BLH Model C3P1 compression only load cell w i t h  a range of 0 t o  1000 
pounds was  supplied by Ames Research Center t o  measure the force applied t o  
the  test column, 
t o  es tabl ish a su i tab le  gage factor  for  it. 
Before the load cell could be calibrated,  it was necessary 
To determine the gage factor ,  
the load cell  w a s  coupled t o  the four am side  of a BLHModel 120 s t r a i n  
indicator. 
was found t h a t  gave a near zero deflection reading with the nul l  indicator 
Various gage factors  were set on the s t r a i n  indicator, u n t i l  one 
centered. 
deflection reading of 4 microinches and an add-on reading of 30,000 set on 
the s t r a in  indicator.  (See BLH TM No. 100-465, Instruction Manual fo r  
The gage factor  of 2.00 yielded a centered n u l l  inddcatar wi th  a 
Model 120C St ra in  Indicator, for a description of the fac tors  associated 
w%th the s t r a i n  indicator.) 
To ca l ib ra t e  the load cell,  a force of known magnitude tha t  was con- 
tinuously increased from 0 t o  1000 pounds was applied t o  the load cell. The 
resulting output of the laad cell in  microinches of def lect ion was recorded 
at  each 10 pound increment of €orce applied. 
Tinius-Olsen Universal Testing Machine (See Table B-I, for a descriptgon of 
The force w a s  applied by a 
the machine) with its automatic load control adjusted t o  increase the force 
on the load cell a t  a rate of approximately 10 pounds per minute. The 
UnOversal Testing NachSne was  accurate t o  within 0.1 percent or less. As 
the force indieattug d i a l  on the Universal Testing Hachine passed through 
e 
ce32 was qui te  l inear  
n of the load 
cell was made for the present investigation and r e su l t s  are shown on 
Figure B-l. 
The stainless steel passthrough bellows chamber was located between 
the test apparatus and the load cell. Thus, the deflection of the bellows 
that xesuleed from the load created an additional force on the load cell. 
A correction for th is  ef fec t  was  obtained by calibratsng the load bellows 
to determine the force that resulted from a given deflection. 
The force  required for load bellows deflections of 0.5, 0.4, 0.3, 
0.25 and 0.2 inches were found i n  the following manner. 
was allowed t o  attain a neutral  posit ion with no force applied. 
F i r s t ,  the bellawe 
This was 
taken as the zero deflection point and the d i a l  indicator was adjusted 
to  zero a t  t h i s  location. 
bellows by extending the screw jack, 
The load cell  was  brought i n t o  contact with the  
Then, the bellows w a s  deflected a t  
.025 inch incrments  as recorded on the d i a l  indicator u n t i l  the des3.red 
deflection was reached. A t  each increment, the t o t a l  deflection and the  
force on the h a d  cell  were recorded. Readings were taken while both loadiug 
aud unloading the bellows. Xn some caises, the bellows was  allowed t o  s5t 
at a cer ta in  dsfIect3.oo for several Plinutes to see if the resul t ing force 
changed. To determine the repeatabi l l ty  of the resu l t s ,  tblo runs were made 
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r e s u l t s  proved several  points. F i r s t ,  the force appl 
Load, the force of the bellows 
the force obtained while decreasing the load was a function of the total 
deflection. F h a l l y ,  the load was not a function of t f m e .  That is, the 
force applied by the  bellows did not change when the def lect ion was held 
a t  m e  po%t for a period of t i m e .  
The e f f e c t  of the prwsure  diff/erentPal. on the bellows created by 
the vacuum was  investigated $n two ways. 
vacuum chamber was assumed t o  be zero and the force on the bellows was 
assumed to  be that created by one atmosphere acting on the inside area of 
the  bellows, 
Second, a vacuum was formed i n  the chamber and the  deflection it caused 
in the bellows was read From the d i a l  indicator.  
the bellows wa8 taken from Figure 3-2 at the deflection caused by the 
vacuumr 
and 54.3 pounds. 
dif8erent ia l  was taken t o  be 54.1 poundet. 
First, the pressure i n  the 
An upward force of 54.1 pounds was found by t h i s  method. 
The resul t ing force on 
This was done three times and rhe forces obtained were 54.1, 54.0, 
Thus, the force caused on the bellows by the pressure 
To obtain the force on the ittterface, the load indicated on the  
load ce l lmus t  be corrected for the deflectlon of the  bdlllms and the  
e f f ec t  of the  pressure d i f fe ren t ia l .  
Specimen loadlag was accomplished by pressur izbg  the Nitrogen load 
bellows t o  the desired gage pressure. The force on the interface was then 
detemdned by addins 54,1 pounds t o  the load cell reading (Figure B-1) and 
7 7 
h 
at  the ~ ~ t ~ r f ~ c e  was easily 
absolute ~ ~ ~ ~ o g e ~  preseura the area of the load 
normal to the spec 
within 3 percent of actual force determined by the load c e l l .  
approximate nethod yielded reeults 
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d Cell. 
Mamf actursx 
Model 
Capacity 
we 
Cage factor 
Strain Indicator 
Manufacturer 
Model 
Capacity 
Scales used 
Universal Testing Machine 
W u f  acrurer 
Model 
Capacity 
Scales used 
Calibration data: 
Date 
Result 
Load Cell 
Calibration Performed 
Check Calibration ' 
BLH Electronics, Division of 
Baldwfn-Lima-Iiamflton, Inc. 
tklhm, Ma&* 
C3Pl 
0*1000 pound8 
Compression only 
2.00 
BLH Electrontcs 
120c 
0-60,000 micro inches 
30,000-35,000 micro inches 
35,000-40,000 micro inches 
Tinius Olsen Testing Machine Co. 
Super L 
0-60,000 pounds (3 scales) 
0-1200 pounds 
11. August 1965 
Accurate to 0.1 percent OT letls 
24 January 1967 
14 June 1967 
79 
I I I I I I I I I 
0 0 
c-4 W 
rt 
k 
0 
W 
spunod a x t o 2  
80 
0 
0 
u) 
CJ 
N 
81 
0 
0 0 
N 00 m .cr 
spunod ' a ~ n o d  
0 
4 
0 
0 
r- 
N 
0 
v) 
in 
N 
0 
0 
82 
0 
0 a 
IC, 
0 0 
el a0 
IC, \D 
0 
In 
m 
.j * 
v) aJ 
c 4 
4 ..
0 
d 
:: 0 0 
N 
4 e 
0 
0 
Q\ 
m 
0 
In 
I- m 
0 
0 - 
\o 
0 o m  
0 $ 
spunod ' a ~ i o j  
83 
0 
0 0 
0 \B 
0 m 
rl 
84 
rn 
4 c 
1-I 
c 
0 
1-I 
U 
0 
0) 
rl 
W 
0) 
FI 
.) 
0 
k 
0 
W 
li 
k 
0 u 
85 
There are many ways t o  determine the accuracy of thermocouples and 
thermocouple systems. The cal ibrat ion of the  thermocouples and the 
assocfated wiring must be checked for  contribution to  error.  The tempera- 
t u re  measurement system was descrLbed i n  Chapter 3, 
check the accuracy of the system is described below. 
The method used t o  
Twenty-four 19 inch lengths of ThewElec t r i c  Copper-Constantan 
RJN-28-DT) teflon-glass insulated thermocouple wire Were made into thermo- 
couples following the preceduxe specified in Chapter 4. 
were ins ta l led  i n  a one and one-half inch diameter, one inch long slug 
of Aluminum 2024. The insralbtion procedure was similar t o  tha t  used 
for  attaching thermocouples t o  the test s p e c h n s .  
was dr i l l ed  i n  the center of the slug for a cer t i f ica ted  “Standard” 
Platinum-Platinum 10% Rhodfwm thenocouple manufactured by teeds and 
Northrup Company. 
These thermocouples 
I n  addition, 8 hole 
(Control Standard 784-244,  Test No. 3.77706-M-19). 
In order t o  ca l ibra te  the thermocouple system, the copper-constantan 
thennocouples were attached t o  the tef lon terminal s t r i p s  &n the vacuum 
chamber. A l l  twenty-four thermocouples in the passthrough, a8 w e l l  as 
two thermocouple switches and ice $mctlons, @ere bcluded. 
t ion  was conducted uehg an 8686 b e d s  and Northrup mi l l ivo l t  potentio- 
meter. The P l a t i ~ ~ a ~ ~ ~ t ~ ~  10% R i ~  thermocouple was attached 
d2rectly to a second Leeds and Norrhrup 8586 ~ f l l i ~ ~ l t  p a ~ ~ ~ ~ o ~ ~ e r  with 
The calibra- 
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30' F and SOOO F were 
set and ~ ~ i b r a t i ~ ~  data obtained. A t  each temperature c o n d i t ~ n  the  
of the  Platinum thermocouple was recorded twelve times, while the 24 capper- 
constantan thennocouples were read, 
Thermocouples used 3n the test specimens were made from ThermElectric 
NN-3O-DT. high accuracy wire and constructed in  the manner deecribed t n  
Chapter 4, 
with the Platinum "Standard" i n  a laboratory furnace over the range of 
temperatures used i n  th i s  investigation. 
indicated a deviation of 0.5 percent increasing l inear ly  with temperature 
from 150' F t o  600' F. 
Several thermocouples made a t  d i f fe ren t  tines were compared 
Results of t h i s  check cal ibrat ion 
The accuracy of the Leeds and Northrup 8686 mil l ivo l t  potentiometer 
was cm the order of 5 microvolts for the range of i n t e re s t ,  corresponding 
t o  a maximum e r ro r  of 0.2' F. Thus the r e su l t s  of the thermocouple check 
calibration and the accuracy of the equipment employed i n  the systeol indi- 
cate that the r e l a t i v e  accuracy of any par t icular  thermocouple was within 
0.5 parcent af the temperature, 
A standard conversion table for copper-constantan thermocouples 
(attracted by Leeds and Northrup from National Bureau of Standards Circular 
561) was used. The appropriate section of the same t ab le  was used €or the 
cer t i f ica ted  "Standard" Pla tinum-Platinum 10% Rhodium thermocouple. 
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APPENDIX D 
THERMAL CONDUCTIVITY MEASUREMENT 
Knowledge of the thermal conductivity as a function of temperature 
is essential for determination of thermal contact conductance. An ex- 
perimental apparatus was constructed to check the steady-state thermal 
conductivity for metallic materials used in this investigation. To 
verify the accuracy of this experimental apparatus and determine the 
heat loss, a series of tests were conducted using Armco Iron as a 
standard for comparison. 
The apparatus consisted of two metallic specimens instrumented with 
iron constantan thermocouples, a central heater and two guard heaters, 
water cooled end plates and associated instrumentation. A schematic of 
the test apparatus is shown in Figure D-1. 
The specimens were cylindrical, four and one-half inches long and 
one and five-eighths inches in diameter. Seven thermocouples were 
attached to each specimen in holes drilled at one-half inch intervals 
and thirteen sixteenths of an inch deep. Recessed holes in each end 
of the specimens accommodated the central heater and guard heaters. 
The specimens were then placed together with the heat source in the 
center. Aluminum cooling plates, drilled for circulation of a cooling 
fluid, were clamped on as a heat sink. 
was put into position, a 10-inch diameter, 9-inch high aluminum cylinder 
Before the top cooling plate 
was placed around the test specimens. 
and cylinder was filled with an insulation material, vermiculite, to re- 
duce radial heat losses. A heat flux was then established through the 
The space between the specimens 
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test specimens by passing current through the heaters and by circulating 
water through the cooling plates. The energy input into the center 
heater was recorded by the voltmeter and ammeter, both of which were 
accurate to within 0.5 percent. 
The arrangement of the heaters and surrounding insulation permitted 
the assumption of a one-dimensional heat flow, i.e., the heat was gen- 
erated at the center heater and flowed in opposi.te directions through 
the specimens. The temperature gradient in each of the specimens was 
controlled by the use of a guard heater, as shown in Figure D-1.  Know- 
ledge of the heat flux and the temperature gradient permitted calculation 
of the thermal conductivity using Fourier's law for one-dimensional heat 
conduction (26) which states that 
AT q = - k A  - Ax 
The net heat flux, q, for determination of the thermal conductivity, 
is equal to the power supplied minus energy losses. The power supplied 
was determined from the relation 
= ( 3 . 4 1 3 )  E I, Btu/hr qi 
where E is the voltage drop across the heater, and I is the current 
through the heater. The energy loss is a combined function of the radial 
heat loss from the center heater through the insulation and the loss in 
the nichrome wire between the heating element and the point at which the 
voltage was measured. After careful analysis of the apparatus and measure- 
ment technique, the equation for the net axial heat flux was determined as 
2 T - T o  = 3 .413  E I - 1.365 I - 
%et HLC 
where T is the average specimen temperature, T is the ambient room 
0 
temperature, I is the current, and E is the voltage, and HLC is 
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t h e  hea t  loss coe f f i c i en t ,  The thermal conductivity of t he  specimen 
2.89 Qnet 
(hxI average 
Btu/hr sq  f t  O F  AT k = -  
where q 
average s lope of t h e  temperature gradients  f o r  each of t h e  two specimens. 
i s  determined from the  preceding equation and - AT is  t h e  net  Ax 
Experimental r e s u l t s  f o r  Aluminum 2024 ("as received" and "annealed") 
are presented i n  Table D-1 and shown graphical ly  i n  Figure 12 .  
conductivity values f o r  Aluminum 2024 used by Yavonovich (37) i n  h i s  
ana lys i s  compare favorably wi th  those determined f o r  t h i s  i nves t iga t ion ,  
Thermal 
An uncertainty analysis  following t h e  procedure presented by 
Schenck (32), was performed t o  e s t a b l i s h  t h e  v a l i d i t y  of t he  data .  
r e su l t i ng  equations f o r  t h e  uncertainty are 
The 
11.65 12(6E)2 + (3.41E - 2.731)2(SI)2 + HLC-2(6AT) 2 -, 1 / 2  
= [  2 
&%et 
%et ('net) 
and 
6 Ax 2 112 ) I  'net) + ( 6 A T 2  
%et 
- = [ (--- -+ + ( -  Ax 6 k  k 
+ Thermocouple ca l ib ra t ion  (Appendix C) produced an uncertainty of - 0.5 
percent ,  cur ren t  and vol tage measurement were accurate within - 0.5 
percent ,  and t h e  thermocouple locat ions were within 0.01 inch. Results 
of the  uncertainty analysis  f o r  the thermal conductivity,  using seve ra l  
representa t ive  sets of test da ta ,  indicated a maximum deviat ion of 3.2 
percent f o r  Aluminum 2024. 
+ 
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TABLE D-1 
ALUMINUM 2024 
"As R e c e i v e d "  
THERMAL CONDUCTIVITY FOR 
ARMCO IRON AND ALUMINUM 2024 
TABULATED RESULTS 
ALUMINUM 2024 
"Annealed" 
106.2 
118.1 
143 e 7 
166.4 
193.4 
238.6 
266.2 
293.9 
319.6 
349.4 
104.7 
152 .O 
179 .O 
206.2 
222.2 
254.7 
283.7 
333.2 
369 .O 
413 .O 
443.5 
482 - 4  
-27 -2 
-71.9 
k (Btu/hr f t  OF) 
75.9 
77.3 
76.2 
77 .1  
8 1 . 1  
82.5 
86.5 
86.9 
89.7 
94.2 
108.9 
97.8 
97.5 
101.4 
99.9 
102 .o 
105.1  
106.5 
110.4 
110.2 
114.4 
111.2 
95 - 8  
90.4 
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accurate values of the the l c ~ d u c t i v i  
~ e ~ i ~ ~ t ~ l  technique and ~ ~ 1 c u l ~ t i ~  p r o ~ e d u ~ e  are d ~ ~ c ~ ~ e d  in ter 
5 ,  Experimental resul ts  of the test are s h m  in F"fgures E-L a d  E-2. 
Figure E-1 shows the calculated heat flulr plotted against  the corres- 
ponding s t a t i m  along the  specimen for three different  i n i t i a l  heat fluxes. 
A greater  heat loss from the  higher temperature test was ewfdent. The 
heat  losses from the heated specititen (the specimen enclosed by the radia- 
t ion  shield) were never more than 4.5 percent of the i n i t i a l  heat flux. 
Figure E-2 shows the i n i t i a l  heat loss from the heater section plotted 
against the temperature of the thermocouple nearest the heater.  
me 
is given 
where a 
0.1714 x 
net  rate of heat exchange, %, between radiating 
by 
4 
repreerenes the Stephan-Boltsmann consrant and i e  
- aA(e I?) (Ta - Ti ) 
gray surfaces 
equal t o  
lom8 Btulhr aq ft OR4. The area, A, may be considered a unit 
length of the test spectraen (1 inch i n  diameter, 1 inch long), radiating 
to  the shield.  
G e The temperature 'la is the  average specimen temperature of the unit 
length, sad Tf3 
The shape-factor i a  denoted as F, and the emisegvity as 
is the radiat ion shleld temperature. 
The term cF is known BS the  gray-body shape factor  and allows for 
the  departure of the radiating surfaces from black-body ~ ~ d i t ~ o n s .  
ing f o r  EF gtvea 
Solv- 
% 
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gth of specimen, and T was the approximate tempera- B 
tu re  bf the radiation shield. Since the emissivit ies o f  Armco lron and 
urninurn 2024 change only s l i g h t l y  between ZOOo E' rrhd 700' F (16), an 
average value of the gray body shape factor  was estimated t o  be 0.19. 
Calculation of the heat exchange by radiation fo r  subsequent test data  
using t h i s  gray body shape-factor resulted i n  radiation losses of no 
more than 3 percent of the i n i t i a l  heat flux. 
The heat losses by conduction through the thermocouple wires were 
calculated i n  the manner described by Baker (3). Considering the f ive  
in te rna l  thermocouples i n  the heated specimen, the resu l t ing  heat loss 
was less than 0.6 percent of the ini t ia l  heat flux. Thus, the net heat 
l o s s  determined from analyt ical  methods was on the order o f  3,6 percent 
of the i n i t i a l  heat flux. 
In  summary, the i n i t i a l  heat losses fo r  the heater region are 16.7% 
21.3, and 27.3 percent for temperatures of 350, 450, and 605' F respect- 
ively at  the specimen thermocouple nearest the heater.  The surface heat 
losses are 3.0, 3.7, and 4.5 percent f o r  average specimen temperatures 
of 310, 390, and 515' E'. 
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UNCERTAINTY 
The uncer ta in ty  i n  t h e  experimental r e s u l t s  w a s  estimated. The 
thermal contact conductance is  
where q/A w a s  found by 
AT q/A = -k - Ax 
The uncer ta in ty ,  6R, involved i n  a p a r t i c u l a r  r e s u l t  is  given as 
a percent of t h e  ca lcu la ted  value,  R, by t h e  expansion (32) 
6x 2 BY 2 Bz 2 112 - =  E + (7) + I 
R 
The d e l t a  terms are the  unce r t a in t i e s  assoc ia ted  with t h e i r  respec t ive  
measured q u a n t i t i e s  such as temperature o r  d i s tance .  Thus, it w a s  
necessary t o  estimate the  uncer ta in ty  corresponding t o  t h e  measured 
q u a n t i t i e s  appearing i n  t h e  above equations,  
The temperatures were measured with copper-constantan thermocouples 
and a Leeds and Northrup 8686 m i l l i v o l t  potentiometer. One-half t h e  
smallest scale d iv i s ion  on t h e  potentiometer w a s  2.5 microvolts which 
corresponds t o  O.l°F f o r  t h e  conditions used. According t o  the  Appen- 
d ix  C,  the thermocouples were accurate t o  - 0.5'F over t h e  temperature + 
range of i n t e r e s t .  
mated t o  be 0.6'F. 
Thus, the uncer ta in ty  i n  the  temperature w a s  est i-  
The temperature gradient f o r  determination of t h e  hea t  f l u x  w a s  found 
by taking t h e  d i f fe rence  ,AT, i n  the  ad jacent  temperatures recorded along 
t h e  specimen and dividing i t  by t h e  d is tance ,  Ax, between t h e  thermocouples 
used t o  measure the  temperatures. According t o  the estimated e r r o r  i n  
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-k the  temperatures,  AT could have been o f f  by - 1.2'F, Severa l  of t he  
runs were p l o t t e d  on an expanded s c a l e  of temperature versus  d i s t ance  
along the  specimen. Analysis of these  temperature g rad ien t s  ind ica ted  
t h a t  the  temperature d i f f e rences  were seldom i n  e r r o r  by more than 0.7'F. 
Thus, the  e r r o r  i n  AT w a s  es t imated t o  be  0.7'F. 
Thermocouples were mounted i n  holes  0.047 inches i n  diameter placed 
0.500 inches a p a r t .  The l o c a t i o n  of t h e  ho le s  w a s  s p e c i f i e d  t o  be  wi th in  
2 0.001 inches ; however measurements of thermocouple loca t ions  were made 
from X-rays of t he  specimens (Figure 13). Actual thermocouple loca t ions  
are l i s t e d  i n  Table F-1, i nd ica t ing  an uncer ta in ty  of 0.007 inches i n  Ax, 
The thermal conduct ivi ty ,  k, w a s  obtained from a graph of thermal 
conduct ivi ty  versus  temperature where t h e  smallest scale d i v i s i o n  of k 
w a s  1 Btu/hr s q  f t  OF (Figure 12) .  The va lues  of thermal conduct iv i ty  
from which t h e  graph w a s  p l o t t e d  were experimental  r e s u l t s .  Therefore ,  
t he  uncer ta in ty  assoc ia ted  wi th  thermal conduct ivi ty  w a s  es t imated t o  b e  
2.0 Btu/hr f t  OF f o r  t he  range of i n t e r e s t .  
The unce r t a in ty  i n  t h e  heat f lux  w a s  determined from the  fol lowing 
r e l a t ionsh ips  
Resul t s  of t h e s e  expressions were found t o  vary from 2.0 to  5,O percent .  
The temperature d i f f e rence ,  AT i n  t h e  thermal. conductance equat ion 
j' 
w a s  determined graphica l ly  as depicted i n  Figure 15. Three graphs, repre-  
s e n t a t i v e  of t h e  da ta ,  w e r e  p l o t t e d  on an expanded scale where t h e  s m a l l -  
est scale d i v i s i o n  f o r  temperature w a s  0,5OF. Points  0.6'F above and 
below each d a t a  poin t  were included t o  r e f l e c t  the  probable  e r r o r  i n  t h e  
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temperature measurements e The v a r i a t i o n s  i n  thermocouple l o c a t i o n  
(Table F-1) w e r e  included t o  r e f l e c t  e r r o r  i n  l o c a t i o n ,  Then a l i n e  
of maximum and a l i n e  of m i n i m u m  f e a s i b l e  s l o p e  were d r a m  through each  
of t h e  two a r r a y s  of p o i n t s ,  These f o u r  l i n e s  were e x t r a p o l a t e d  t o  the 
i n t e r f a c e  t o  e s t a b l i s h  t h e  m a x i m u m  and minimum probable temperatures  f o r  
each s i d e  of t h e  i n t e r f a c e ,  
w a s  e s t a b l i s h e d  by tak ing  t h e  average of t h e  d i f f e r e n c e  between the  
The m a x i m u m  temperature  d i f f e r e n c e ,  ATm,, 
minimum upper and lower i n t e r f a c e  s u r f a c e  d i f f e r e n c e ,  ATmin 
mined s i m i l a r l y  us ing  t h e  m a x i m u m  upper and lower i n t e r f a c e  s u r f a c e  
w a s  d e t e r -  
temperatures e 
The c o n t a c t  conductance w a s  c a l c u l a t e d  f o r  each m a x i m u m  and minimum 
j u n c t i o n  temperature  d i f f e r e n c e  us ing  t h e  average h e a t  f l u x .  The uncer- 
t a i n t y  i n  t h e  con tac t  conductance was then  determined as t h e  magnitude 
of t h e  d e v i a t i o n  from t h e  mean va lue  presented  i n  Table  11. The uncer- 
t a i n t y  may b e  found f o r  t h e  d a t a  by l o c a t i n g  t h e  j u n c t i o n  temperature  
d i f f e r e n c e  f o r  a given apparent  p re s su re  i n  Figure F-1, and reading  t h e  
magnitude d e v i a t i o n  from Figure  F-2. 
The u n c e r t a i n t y  i n  t h e  apparent  i n t e r f a c e  p re s su re  i s  determined 
from the  expres s ion  
The unce r t a in ty  i n  t h e  load  is 5 pounds and t h e  u n c e r t a i n t y  i n  t h e  area 
r e s u l t s  from a 0.001 inch  unce r t a in ty  i n  t h e  specimen diameter .  Resu l t s  
of t h i s  express ion  vary from 0.7 t o  5.6 pe rcen t  f o r  t h e  range of l o a d s  
used i n  t h i s  i n v e s t i g a t i o n  e 
I n  summary f o r  t h i s  i n v e s t i g a t i o n  the u n c e r t a i n t i e s  ranged from 
5 .O t o  8.9 pe rcen t  f o r  t h e  h e a t  fluxes and 0.7 t o  5.6 pe rcen t  f o r  t h e  
apparent  load  p r e s s u r e *  
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Figure F-1. The Variation of Junction Temperature Difference w i t h  
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